Science peer review plays an important role in the advancement and acceptance of scientific information, particularly when used to support decision-making. A model for science peer review is proposed here using a large, multi-tiered case study to engage a broader segment of the scientific community to support decision making on science matters, and to incorporate many of the design advantages of the two common forms of peer review (journal peer review, science advisory panels). This peer review consisted of a two-tiered structure consisting of seven panels (five review panels in Tier 1, two review panels in Tier 2), which focused on safety data for a modified risk tobacco product (MRTP). Experts from all over the world were invited to apply to one or more positions on seven peer review panels. 66 peer reviewers were selected from available applicants using objective metrics of their expertise, and for some panels based upon a consideration of panel diversity with respect to demographic parameters (e.g., geographic region, sector of employment, years of experience). All peer reviewers participated anonymously in which a third-party auditor was used to provide independent verification of their expertise. Peer reviewers were provided electronic links to all review material which included access to publications, reports, omics data, and histopathology slides, with topic-specific panels focusing on topic-specific components of the review package. Peer reviews consisted either of single-round, or multi-round (e.g., modified Delphi) format. Peer reviewer responses to the charge questions were collected via an online survey system, and were assembled into a database. Responses in the database were subject to analyses to assess the degree of favorability (i.e., supportive of the review material), degree of consensus, reproducibility of replicate panels, hidden sources of bias, and outlier response patterns. Conclusions: By careful consideration of science peer review design elements we have shown that: 1) panel participation can be broadened to include scientists who would otherwise not participate; 2) panel diversity can be managed in an unbiased manner without adverse impacts to panel expertise; 3) results obtained from independent concurrent panels are shown to be reproducible; and 4) there are benefits of collecting input from expert panels via a structured format (i.e., survey) to support characterization of consensus, identification of hidden sources of bias, and identification of potential outlier participants.
Introduction
As the gate keepers of sound science, peer review processes ensure that science information is properly vetted prior to their application to support decision making. The peer review process is used to ensure that manuscripts submitted to scientific journals are qualified for publication, to assess the merits of research proposals for funding by a sponsor, to assess physician performance, and to ensure that government regulatory actions and policy decisions are scientifically sound (Al Khalifa Bias is an important consideration in any peer review, and extends beyond potential bias in the review material and sponsor. Reviewer bias can be defined as a subconscious prejudice that impacts the objectivity of the reviewer, and may include any of the following: bias towards certain authors/specialties/institutions, content-based bias, confirmation bias, bias due to conservatism, bias against interdisciplinary research, publication bias, and the bias of conflicts of interest (Manchikanti et al., 2015) . In contrast, reviewer abuse is defined as a conscious action to use the peer review system for personal benefit or gain. For example, "rational cheating" has been identified as the process in which an unethical reviewer seeks to suspend or avoid publications by competing scientists (Barroga, 2014) . Bias can also be introduced by the design choices for the review process, which may include: (1) bias in the recruiting (passive vs. active approaches); (2) selection of reviewers (use of independent third-parties to guide selection and/or use of subjective versus objective selection criteria); (3) potential expertise gaps on the panel for key topic areas participating in the peer review; (4) including leading, misleading charge questions, or omitting charge questions that should be included as part of the reviewer charge; (5) for multiple choice questions, failure to include a range of possible answers that are sufficiently flexible and complete to reflect the range of reviewer opinions.
Consideration of bias in peer reviews is often focused on potential conflicts of interest (COIs). Lurie et al. (2006) , reported a weak, but statistically significant positive relationship between certain types of financial conflicts-of-interest and voting patterns in two different analyses that assessed the effects of disclosure on individual votes. In contrast, Eastern Research Group (ERG, 2007 (ERG, , 2009 ) assessed the potential impact of conflict of interest (members receiving a waiver for perceived financial COIs) on FDA panel participation. The researchers found that, on average, panel members receiving COI waivers scored slightly higher on an expertise index (composite index comprised of participants H-index, years of experience, years of clinical experience, and number of publications). Perhaps more importantly, the ERG (2009) found no statistically significant relationship between conflict rates and panel voting patterns. These results are consistent with that reported by a George Mason report (GM, 2015) , which found almost no evidence that disclosed conflicts of interest impact FDA advisory committee voting decisions.
Potential sources of bias in the peer review process can be managed by considering specific review design elements. Two common types of peer review to which many scientists are familiar include: (1) Journal peer reviews -conducted to support an editor's decision, "Is this manuscript worthy of publication?"; and (2) Science advisory panelsused to support a government agency's decision, "Is the proposed regulation scientifically sound?". Despite sharing the common goal of vetting of scientific information to support decision-making, there are important differences in how these reviews are designed. For example, journal peer reviews are usually single blinded (reviewers remain anonymous) or double blinded (both the reviewers and the authors remain anonymous). On the other hand, science panels for reviewing proposed regulations are almost always open (reviewers and authors are known), for the sake of transparency. With journal peer reviews, each reviewer works independently from one another, whereas science panels usually involve face-to-face meetings to foster deliberation and debate between panel members. Journal peer reviews typically involve a commitment ranging from several hours to a couple days of effort, which is spread over a period of a few weeks. Science panels are typically more involved, with commitments ranging from several days to weeks, which are spread over a period of a few months to years. Journal peer reviews are usually performed on a volunteer (uncompensated) basis, whereas science panels typically include some level of compensation (honorarium, per diem) for members' time and effort. Journal peer reviews are now performed almost exclusively on-line and/or via email, so that reviewers are permitted to work at their own pace during the review period, which minimizes impacts to their personal and professional schedules. Science panels typically include face-to-face meetings and/or conference calls, which requires coordination of schedules and in many cases travel.
Despite differing design elements, both peer review formats compared above (journal peer review, science panels) impart a degree of trust into the resulting product of the review (e.g., a final, revised manuscript or regulation), albeit with potential caveats and exceptions. Each choice made for the design elements has potential advantages and disadvantages that can impact the quality of the input received from the peer reviewers. A model for science peer review is proposed here using a large, multi-tiered case study to accomplish the following goals: (1) to assess the reproducibility of science panel deliberations; and (2) to assess the potential benefits of collecting structured input (i.e., survey format) from science panelists to support additional analyses, (3) to engage a broad sample of the scientific community to support decision making on science matters; (4) to manage panel member diversity in an unbiased manner without detracting substantially from panel expertise.
The material subject to this peer review pertains to a modified risk tobacco product (MRTP), specifically a tobacco heating system (Tobacco Heating System THS 2.2; Boue, 2018) , at the request of the sponsor of the studies (Philip Morris International). The degree of complexity and the controversial nature of the review material pose some unique challenges to peer review. Due to level of complexity, the level of effort required to provide a thorough review is beyond the scope of what is typically involved in a journal peer review. Due to the controversial nature of the topic, some journals and scientific conferences refuse to include coverage of tobacco-funded research (IOM, 2012) . Additionally, some scientists refuse to participate in the conduct of studies or in peer reviews on this subject matter. Despite these challenges, rigorous peer review remains a key component to quality control for MRTP applications (IOM, 2012) , to ensure that regulators, companies, and consumers can make informed decisions with respect to product safety. The peer reviews described here were included as part of the registration package submitted to FDA as a means of providing an independent validation of the underlying science for the MRTP.
Methods

Peer review structure
A large peer review of a science data package related to an MRTP was conducted in two tiers:
(1) As part of Tier 1, five peer review panels were convened to review various components of the data package, which consisted of 15 studies and access to underlying data for the MRTP. These materials covered by the review involved multiple disciplines including toxicokinetics, toxicology, histopathology, genomics/metabolomics, systems biology, and clinical trials (the reader is referred to Boue, 2018 for specific details on the review material); and (2) As part of Tier 2, two panels were convened to review the peer review output and recommendations from the five Tier 1 panels. The two panels in Tier 2 were designed as replicates whose members were matched by sector of employment (i.e., designed to include three scientists each from three employment sectors: academia, government/former government, and industry/consulting).
Peer review process
An overview of the peer review process for each panel is provided in Fig. 1 , and includes well-defined roles for the peer review sponsor, peer review manager, editor, auditor, and peer reviewer (details provided in Supplement 1). The pool of ideal peer reviewers is defined as the intersection of four populations: (1) people with expertise in the subject matter; (2) people who are objective; (3) people who are available to participate; and (4) people who are willing to participate (Fig. 2) . The peer review process adopted here was designed with the specific intent of maximizing the pool of ideal peer reviewers using five steps as described below.
Panel recruitment
The goal of the panel recruitment is to cast as wide a net to reach out to as many potential candidates as is feasible (i.e., maximize the size of pool 1 in Fig. 1 ). Panel members were actively recruited by email to apply for a panel position and provide a copy of their CV. More than 22,000 invitations (an average of approximately 3200 invitations per panel) were sent to potential candidates identified as having relevant experience in the panel-specific review topic using: (1) internal database to SciPinion (a platform designed to help companies, governments and consumers make better decisions by understanding the collective wisdom of the world's experts; www.scipinion.com); (2) searches for authors of recent publications on the topic of interest in online databases (e.g., Pubmed; Google Scholar); (3) searches of profiles on social media databases (e.g., LinkedIn); (4) general internet searches; and (5) referrals (e.g, all invitations also included a specific request to please forward the invitation to anyone with relevant expertise). Individuals identified as currently working in the specific industry of the peer review sponsor or the regulatory agency that regulates the industry were explicitly excluded from the invitation list due to potential conflicts of interest. However, to maximize the potential pool of experts, scientists working in other industry sectors were also invited. Former tobacco industry workers were not explicitly excluded. C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 
Panel expertise verification
A total of 444 applications were received (average of 74 applications per panel). CVs for all applicants were reviewed, and data regarding expertise metrics (e.g., degree, number of years of experience post-degree, number of publications, number of first/last author publications, topic-specific key word counts, etc.) and demographics (geographical region, sector of employment) were extracted. Applicants that failed to meet minimum expertise requirements (e.g., PhD or equivalent, more than 5 years of experience post-degree, more than 10 publications) were excluded from further consideration. Minimum expertise requirements were established by the peer review sponsor for each panel prior to reviewer recruitment (see Supplement 2).
To reduce the potential personal cost of participating (i.e., provide psychological safety to maximize pool 4 in Fig. 2 ), this peer review was designed to allow panel members to participate anonymously (please refer to the discussion section regarding the importance of anonymity). Anonymity poses a challenge to future users of the peer review with respect to trust that the peer reviewers engaged are in fact qualified experts. To provide assurance that selected panel members are indeed experts on the subject matter, a pool of independent auditors (senior scientists with strong reputations in the scientific community; e.g., former Directors, Deputy Assistant Administrators, Managers for USEPA/ATSDR) was selected, retained, and managed by an independent third-party (NeutralScience, LLC) to verify the expertise of the top applicants ranked based upon their expertise metrics. CVs for the top candidates were forwarded to two auditors from the auditor pool for review. Each auditor then scored the applicants as either 0 (does not meet minimum requirements), 1 (meets minimum requirements), or 2 (exceeds minimum requirements) based on their ability to meet the defined expertise criteria.
Panel selection
The source of panel candidate recruitment had no bearing on panel selection (i.e., candidates from all five sources listed in the recruitment section were treated equally). Panel selection was refined for some panels to improve diversity of panel composition with respect to demographic factors (geographical location, years of experience, sector of employment) via two methods: (1) binning, in which a specific number of the top candidates based on expertise metrics for each demographic bin were selected to participate (Panels 4-7); and (2) using diversity metrics (e.g., Shannon's index) to guide panel selection across demographic groups that are weighted relative to expertise metrics (i.e., diversity across geographic location is equally important as expertise), then selecting the candidates that optimize the expertise-diversity score for the panel (Panels 1-3). Diversity parameters, where applied, were established by the peer review sponsor prior to reviewer recruitment.
Charge questions
A set of draft charge questions for each panel was provided by the peer review sponsor. The charge questions generally fall into four categories: (1) demographics, which includes background information on the peer reviewers; (2) conflict of interest, which address information that might affect the reviewers' objectivity; (3) science, which address the methods, results, and interpretation of the data package under review; and (4) peer review process, which address the reviewers' opinions on the design element choices for the peer review in which they participated. These questions were reviewed and edited by the authors, and by an independent editor, to ensure questions were not leading or biased, and then uploaded to the SciPinion platform. Although most questions were panel-specific, some questions (e.g., those pertaining to conflict of interest, demographics, and the peer review process) were common across multiple panels, and therefore permitted a higher sample size to permit additional analyses.
Panel engagement
To maximize the number of scientists willing to participate (pool 4 in Fig. 2 ), peer reviewers were offered fair compensation for their time and effort. Compensation varied from panel to panel, depending on the level of effort required to review the data packages and answer charge questions, with levels of effort ranging from 32 to 56 h of effort, spread out over a period of 4-8 weeks. All panel members were placed under contract, and due to the sensitive nature of the review material, all participants in the peer review were required to sign a non-disclosure agreement. To minimize logistics hurdles and maximize participant availability (pool 3 in Fig. 2 ), all participation was conducted online (https://app.scipinion.com) either as single or multi-round engagements. Multi-round peer reviews (Panels 2, 4-7) consisted of three rounds using a modified Delphi format: (1) In round 1, panel members were instructed to review data package and answer charge questions to provide their independent input; (2) In round 2, the reviewer responses to round 1 charge questions were shared with all panel members, and they were instructed to provide comments and debate (e.g., collaborative online engagement); and (3) In round 3, panel members were permitted to revise their responses to the charge questions provided in round 1, in case their mind was changed as a result of the comments and debate in round 2. No efforts were made to steer the panel towards consensus on the charge questions. However, panel consensus was quantified and assessed (see Analyses section below). The format of the panel engagement took the form of an on-line survey (e.g., multiple choice, yes/no, confidence ratings, as well as free-text formatted questions) in which electronic links were provided to all review material hosted on a secure server (https://app.scipinion.com). All input from peer reviewers was assembled into a database for analyses.
Analyses
To assess reviewer favorability, Likert scale and Yes/No responses were codified to a numeric score for additional analyses. For example, answer options of "Yes", "No", "I cannot answer", would be scored as 1, -1, null (not answered), respectively. Similarly answer options of "Very confident", "Confident", "Moderately confident", "Not confident", "I cannot answer", would correspond to numeric scores of 2, 1, 0, −1, and null, respectively. The direction of the Likert scale responses took into consideration the context of the charge question to determine which responses are favorable or unfavorable. In this way, the favorability of the peer review responses could readily be assessed by examining the frequency of codified response values greater than zero (i.e., favorable/ highly favorable), equal to zero (i.e., neutral or weak), or less than zero (i.e., unfavorable). Text responses and non-Likert scale multiple choice questions (representing approximately 8% of the response database records), while valuable inputs to the peer review, were excluded from codification and analysis of favorability.
Panel consensus for multiple choice questions was quantified using the consensus metric of Tastle and Wierman (2007) :
where p is the probability (frequency) for the answer option i, μ x is the mean index value, X i is an index for answer option i (e.g., very confident = 2; confident = 1; somewhat confident = 0; not confident = −1), dx is the width of the index values (Xmax -Xmin), n is the number of answer options. The value for the consensus metric can range from 0 (lack of consensus) to 1 (complete consensus). All summary statistics, regressions, and comparisons were calculated using Microsoft Excel (version 15.29.1). For the Tier 2 panels, comparison of results by sector of employment are caveated by the fact that some panel members have been employed in more than one sector over the course of their work history. Efforts were made to characterize experts C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 sector of employment based upon that which corresponded to the longest tenure.
Results
The results of this peer review with respect to peer review panel composition and analyses of peer reviewer input are summarized below.
Panel composition
For Tier 1, 49 scientists participated in five peer review panels (Table 1) , and for Tier 2, 17 scientists participated in two peer review panels. In total, the peer reviewers possessed more than 80 advanced degrees, more than 1500 person-years of experience post degree, and more than 5000 publications (Table 2) . Overall, there was good coverage across gender, although predominantly male, and across geographic region, although predominantly from North America. The diversity metrics with respect to geographic region for panels whose selection was managed (mean of 0.75 for panels 1, 2, 3, and 5) were higher than those calculated for panels that were unmanaged (mean of 0 for panels 6 and 7, since all members were from North America). This increase in geographic diversity comes at the expense of a relatively small effect on expertise metrics (approximately 9% decrease on average). The diversity metrics with respect to "years of post-degree experience" for panels whose selection was managed (panels 1, 2, 3) were on average 24% higher than those calculated for panels that were unmanaged (Panels 4-7). Again, this increase in diversity comes at the expense of a small effect on expertise metrics (approximately 9% decrease).
Analyses of peer reviewer input
The total number of questions answered by peer reviewers varied from panel to panel, ranging from several dozen to several hundred (Table 1) , with most charge questions pertaining to the science of the data package under review (compared to those targeting demographics, conflict of interest, and peer review process). The reader is referred to Boue (2018) for additional details on the question text and responses. Most of the science charge questions were in a format that permitted an analysis of panel input with respect to favorability, consensus, and reproducibility. Responses received from peer reviewers on science questions were largely favorable and consistent across panels, ranging from 70 to 79% favorable for Tier 1 panels, and 82-83% for Tier 2 panels (Table 3 ). The degree of consensus on the panels was considered medium-to-high, with consensus metrics ranging from 0.62 to 0.67 for Tier 1 panels, and 0.73 for Tier 2 panels (Table 3) .
With respect to the degree of reproducibility across replicate panels, there is excellent consistency between the two Tier 2 panels, as is indicated by a plot of the favorability scores (Fig. 3 ) and consensus scores (Fig. 4) for each panel by science question. The favorability scores for both panels were statistically indistinguishable for all science charge questions (p-value > 0.05; two-tailed t-test). When the two panels are combined, and stratified by sector of employment (academia, government, industry/consulting), an excellent degree of consistency is also observed across sectors, as indicated by a plot of favorability scores (Fig. 5 ) and consensus scores (Fig. 6 ) by science question. Again, the favorability scores across the different sectors were statistically indistinguishable from one another for all science charge questions (pvalue > 0.05; two-tailed t-test). Similar results were obtained when the response data were stratified by past employment with a tobacco company (n = 3) or not (n = 14) (i.e., favorability scores were again statistically indistinguishable between the two groups; data not shown).
Collecting input from peer reviewers in a structured manner (i.e., creation of a survey response database) provides an opportunity to assess how individual reviewers compare to the rest of the panel. An example is provided in Fig. 7 for panel 1, in which each peer reviewer's effect on panel favorability and consensus (across science charge questions) can be inspected, and subject to outlier analysis. Results from any reviewer(s) flagged as an outlier can be presented separately from the rest of the review panel. Out of all the peer reviewers engaged in this project, input from only one peer reviewer was flagged as appearing sufficiently different from the rest of the panel (Reviewer 6 in Fig. 7 ). Input for this reviewer was maintained in the peer review, but presented separately.
With respect to peer review process, the peer reviewers expressed their preferences over how the review was conducted, and are generally supportive of the design choices implemented in this peer review. Anonymity is an important design consideration, given that 88% of the peer reviewers responded that they wanted either complete or partial anonymity for their participation (Fig. 8A) . A clear majority (> 98%) responded that compensation for their participation is important, with most (78%) of the peer reviewers responding that the level of compensation offered was appropriate, while only a single reviewer responded that they would be willing to participate for free (Fig. 8B) . Approximately 89% of the peer reviewers who participated in a modified Delphi formatted review felt that the interaction between panelists in the second round was moderately or very useful (Fig. 8C) , while 68% of the peer reviewers who participated in single round reviews expressed a preference for having some interaction with panelists (Fig. 8D ).
Discussion/conclusions
A large, tiered peer review was conducted for the science package of an MRTP. The design choices made for reviewer recruitment and selection, reviewer engagement, and reviewer results reporting are discussed below.
Peer reviewer recruitment and selection
The goal of engaging a broad, diverse group of scientists for peer a See text for description of approaches used.
C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 review was accomplished through the approach used for panel recruitment and selection. Participation in the peer review was optimized by attempts to maximize the pool of ideal reviewers by addressing each of the four populations depicted in Fig. 2 . To maximize the subset of people with relevant experience ( Fig. 2 ; subset 1), peer reviewers were actively recruited using thousands of invitations to apply to and/or to refer potential candidates. Candidates were screened against minimum expertise criteria, and were ranked and selected based upon multiple objective expertise metrics and one subjective metric (independent auditor rating).
To maximize the subset of people who are objective (Fig. 2 , subset 2), only candidates with specific potential conflicts of interest (e.g., those who work at companies in the tobacco product sector, or who work at regulatory agencies that oversee tobacco products, e.g. FDA) were excluded from participating. Otherwise, sector of employment (e.g., industry, government, academia) or having consulted for private sector clients was not considered a source of conflict of interest by itself. A robust set of conflict of interest questions were included in the Tier 1 and 2 panels, and were specifically designed with consideration to the USFDA and USEPA conflict of interest questionnaires for serving on FACA panels. All peer reviewers engaged stated that they did not know of any reason that their impartiality might be questioned. Rather than attempting to further screen out reviewers due to potential bias, reviewers were retained and their response patterns were analyzed to identify potential outliers (Fig. 7) , which may be indicative of reviewer abuse. Additionally, demographic questions/information (e.g., employment sector, age, geographical region) were included to help understand how they may affect reviewers' responses to the charge questions and thus test for hidden sources of bias and/or influence. For example, a significant correlation was noted between a peer reviewers' confidence in leveraging "omics" data (i.e., genomics, metabolomics, lipidomics) and the year the reviewer obtained their degree (Fig. 9) . Since "omics" represent a newer technology, this correlation is not surprising, however it does suggest that the typical approach to panel composition, i.e., assemble those with the most experience, who tend to be older and less familiar with newer tools/methods, maybe contraindicated for some topic materials.
To maximize the subset of people who are available to participate (Fig. 2, subset 3) , rather than attempt to co-ordinate individual schedules to facilitate a face-to-face meeting, we utilized on on-line platform (https://app.scipinion.com) in which peer reviewers had the flexibility to participate on their own free time, at their own pace over a period of approximately 3-4 weeks for single-round reviews, and approximately 6-8 weeks for multi-round reviews. Requests from peer reviewers for schedule extensions of approximately one week, which were relatively rare, were granted. Lastly, steps were taken to identify alternate reviewers from the non-selected applicants who would be able to step in on short notice should a peer reviewer be unable to meet their responsibilities, to minimize impact to the overall review schedule and other panel members.
To maximize the subset of people who are willing to participate (Fig. 2, population 4) , efforts were made to alter the risk/reward attributes for peer review participation in two ways. First, early on in the problem formulation phase of this work, we sought to reduce potential risks by permitting reviewer identities to remain anonymous. The use of anonymous reviewers in this peer review is likely to be controversial. The primary benefit to using an unblinded, open format is that it ensures transparency, which in turn discourages misuse and abuse of the peer reviewer. Some journals have adopted the use of open peer reviewers, in which both the study authors' and the peer reviewers' identities are disclosed. It is recognized that many regulatory agencies may have difficulty accepting anonymity in science panel reviews. Use of anonymous peer reviewers is explicitly rejected in USEPA's Peer Review Handbook (USEPA and Council, 2015) for the sake of maintaining transparency. However, there are clear benefits to including blinding as a design element of a peer review. By withholding the Table 2 Panel expertise and demographics. C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 sponsors identity, any potential bias towards the sponsor by a reviewer may be avoided. Double-blind reviews has been considered as a viable means of reducing gender bias (Darling, 2015; Demicheli and Di, 2007) . Anonymity offers the reviewers psychological safety, such that reviewers are free to express their opinions without fear of consequences to their job, reputation, or personal safety. Anonymous participation may also permit the inclusion of introverted scientists, who may otherwise be unwilling to participate in face-to-face panel engagements. Scientists by their very nature may not be willing participants to controversy and conflict. This is important since often the most important decisions, such as those designated as influential scientific information (ISI) or highly influential scientific information (HISI) needing peer review (OMB, 2004) , are also typically associated with some degree of controversy. Additionally, participation in controversial topics can make scientists targets of public and private attacks by advocacy groups (Rost, 2015; Batra, 2015) . Such pressure either has the potential to impact peer reviewers' opinions or reduce the number of the scientists willing to be engaged in the public peer review (Besley, 2014) . For this peer review we decided that the advantages of blinding outweighed the disadvantages, and that the transparency of the process, verification of panel expertise, and transparency of results reporting were more important than relaying the identities of individual reviewers. Based upon the input received from the peer reviewers (Fig. 8a) , we estimate that the design factor of making reviewers anonymous increased the subset of willing participants by approximately 2-to 8-fold. The percentage of selected peer reviewers who withdrew after learning of the peer review topic material was relatively low; 3.4% withdrew and specifically indicated that they were unwilling to participate on tobacco-related review topics, while an additional 6.9% withdrew but did not provide a specific reason. The withdrawal rate would have been much higher without the inclusion of anonymity in the peer review design, possibly as high as 50-90% (Fig. 8A) . Second, this peer review was designed to increase the reward for participation by providing compensation that is commensurate with the level of effort required to provide a thorough review. Peer reviewers for journals are generally not compensated. Some journals provide nonmonetary incentives (e.g., electronic access to their holdings for a limited time, continuing education credits, acknowledgements, appointments to review boards) (Gasparyan, 2015) . However, in most cases, journal peer review is considered a voluntary service performed without compensation for the benefit of the scientific community and/ or for the reviewer to remain current in the field of study. For C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 regulatory decision peer reviews, some degree of compensation (e.g., travel expenses, honorarium) may be provided (range of pay in the range of $50 -$100/hour plus travel expenses is most common, at least for EPA peer reviewers and Special Governmental Employees). In a survey of 551 reviewers, 54% indicated that financial incentives encourage reviewers to accept requests for review (Tite and Schroter, 2007) , but 60% indicated that small financial incentives alone would not be sufficient to encourage acceptance. There is also some concern for introducing bias into the review process by offering compensation (i.e., introducing motives other than intellectual curiosity or sense of duty to the scientific community). For this review, all reviewers were also given the opportunity to have their honorarium donated to a Fig. 8 . Peer Reviewer Responses to Peer Review Process Questions: A) Importance of anonymity; B) Importance of compensation; C) Importance on interaction for reviewers who participated in multi-round peer reviews; D) Importance of interaction for reviewers who participated in single-round peer reviews. This figure also includes response data from a pilot study of experts who reviewed similar material for a prototype MRTP. This figure also includes response data for a pilot study of experts reviewing similar material for a prototype MRTP.
C.R. Kirman et al. Regulatory Toxicology and Pharmacology 103 (2019) 73-85 charity organization of their choosing in lieu of taking the honorarium themselves, however, none of the reviewers selected this option. Based upon the input received from the peer reviewers (Fig. 8b) , adequate compensation was necessary for participation in this review (e.g., only a single reviewer indicated they would be willing to participate on a purely voluntary basis). Reducing the rate of compensation to an amount less than that offered for this peer review would serve to reduce the pool of willing participants by as much as a factor of 6. Panel diversity was managed for several of the panels via two methods to achieve markedly higher scores for diversity metrics, with relatively small impact to expertise metrics. Binning of panels by demographic factors reflects a hard management approach, while optimization of the panels expertise-diversity score reflects more of a "nudge" approach, in which the strength of the nudge can be controlled by the magnitude of the weighting factor used for the importance of diversity relative to expertise. Although these approaches were applied to geographical region, years post degree, and sector of employment in this review, they are readily amenable to other demographic factors (e.g., gender, race) as appropriate, at the discretion of the review sponsor. The percentage of female scientists participating in this review is low (21%), but not surprising. Based upon the participation in the Triennial Toxicology Salary Survey (Gad and Sullivan, 2016) , the percentage of female survey respondents has gradually increased from ∼24% in 1991 to ∼37% in 2014. Based upon the average years of experience for peer review participants (∼24 years), a percentage in the low to mid 20's is expected, since gender was not specifically considered in the peer reviewer selection process, but years of experience was specifically considered.
On average, the expertise of the peer reviewers engaged in this study compare well with those typically involved in FDA advisory committees (ERG, 2007) with respect to years of experience (24 ± 14 years vs. 27 ± 13 years), but lower with respect to number of publications (85 ± 76 papers vs. 170 ± 146). No attempts were made to balance the panel with respect to their opinions on science or other topics. Instead, an approximation of balance was pursued by engaging a larger, broader group of scientists on the topic. The criteria used to select peer reviewers is rarely transparent, so the potential bias associated with expert selection is often difficult to judge; for the selection of experts on many panels, competing biases may be used to "balance" the review panel (Claxton, 2007) . For journal peer reviews, the selection of reviewers is likely not a robust process, and is not documented (outside of the editor). As commented by Smith (2006) , the process can be as simple as, "The editor looks at the title of the paper and sends it to two friends whom the editor thinks know something about the subject". However, for regulatory science panel reviews, panel composition may also include consideration of other factors, such as how the scientist's views fit within the broader scientific community. For example, USEPA's Peer Review Handbook states (USEPA and Council, 2015) , "The list of peer reviewers should include experts who are considered "mainstream" (nearer the center of the continuum), as well as those further to either side of the continuum." While factors such as expertise can be established by objective metrics, pre-determination of a scientist's views as centrist or noncentrist is a highly subjective decision, and if judged in error or with bias, can lead to the assembly of a panel that is slanted towards a specific outcome. This step is particularly problematic because it presumes knowledge about the distribution of views of the broader scientific community (e.g., "what is mainstream?") as well as the views of the candidate panel members. An extreme case of this problem can be illustrated by news media interviews in which one scientist "for" an issue, and one scientist "against" an issue are interviewed. Such a case of "balanced" sampling serves to give viewers the distorted impression that the scientific community may be evenly divided on the issue. For this study, the panel composition was managed solely by objective expertise and demographic diversity metrics, without consideration of balance to underlying viewpoints.
Peer reviewer engagement
In this case study, several steps were taken to minimize the introduction of process bias during the peer reviewer engagement: (1) Draft charge questions were prepared by the study sponsor, and were subsequently reviewed by the study authors, and by an independent, third party editor (selected based upon their experience as a senior scientist, former regulator, and professional writer) to minimize wording that is leading or biased; (2) A number of open-ended questions (free text format, "Please feel free to expand/clarify …") were included in the charge questions, even for "yes/no" formatted questions, to ensure that any nuances to the reviewers input were adequately captured; (3) for some panels, inclusion of questions such as, "Please provide one additional question you would like your fellow panel members to answer" and "What one item did you note about the data package that you think other reviewers might have missed?" serve to prompt the panel to pursue issues beyond those dictated by the charge questions and assure any "Achilles heel" type issues were not missed because of any potential framing bias in the charge questions.
All peer reviewers provided their input anonymously (via web platform). For some panels (1 and 3) a single round format was used to obtain independent input from the peer reviewers. For all other panels, a 3-round Delphi format was used to permit anonymous interaction between peer reviewers (again via web platform). Although development of consensus was not the intended objective for using a Delphi format, the degree of consensus before and after online debate was assessed. The Delphi method allows for anonymous input from peer reviewers using a multi-round format (Hsu and Sandford, 2007) . Anonymity is a design factor that impacts the reviewer engagement, as well as recruitment. Anonymous participation by all panels ensures that social pressures do not contaminate the input received from the reviewers. Pitfalls of face-to-face deliberations have been described (Sunstein and Hastie, 2014) , and include: (1) Groupthink, in which an outspoken panelist can sway the opinions of other reviewers; (2) Amplification of individual errors, in which the opinions from a biased member can be amplified by the group; (3) Cascade effects, in which opinions offered first are more likely to be repeated and confirmed by others; (4) Polarization, in which members of the group can move toward more extreme positions than would be held individually when encouraged by the presence of like-minded reviewers; and (5) Focus on shared information, in which information that is known by all panel members may dominate discussion, regardless of its importance to the review, while important information known by a small number of panel members may be ignored. In addition, in face-to-face deliberating groups, members of the panel will often delegate responsibilities for the review (e.g., split up the review material and assign tasks) and/or defer the responses to a recognized expert on an issue. Although this is a pragmatic approach to facilitate the review of a large amount of material, in practice the size of a panel may be effectively reduced to the views of a single panel member on a particular issue or question.
Peer review results reporting
This peer review was implemented in the form of a survey. As such, the input received from the peer reviewers was structured as a database, which can be used to support analyses. In this assessment, the database of peer reviewer input was used to assess overall metrics for favorability (Figs. 3 and 5) , consensus (Figs. 4 and 6) , as well as to detect potential reviewer bias via outlier analyses (Fig. 7) , and potential hidden sources of bias/influence (Fig. 9) . These types of analyses can provide valuable insight to the users of the peer review, but are simply not possible under the standard approach by which science panels are conducted and reported. Identification of a potential outlier reviewer based upon their pattern of responses can provide decision makers with multiple options for consideration, ranging from disregarding their input, considering the input separately (e.g., as potentially representative of a subset of the population of scientists), to designing a follow-up study designed around the demographic parameters of the outlier reviewer (e.g., assess their representativeness, prevalence of their positions). Identification of hidden sources of bias can assist science panel managers to ensure that underlying factors are considered in the design of future peer reviews. Additional analyses are also possible based upon the structured format of peer reviewer input, including: (1) for Delphi-formatted reviews, changes in favorability and consensus metrics can be tracked across rounds (i.e., are panelists moving towards or away from consensus as a result of comment and debate); and (2) assessment of level of effort/engagement metrics (e.g., number of comments, number of characters/text response, total time spent online, comment ratings from fellow panel members) to assess whether or not panelists are sufficiently engaged in the review.
In this peer review, the degree of consensus among peer reviewers was defined with precision using the consensus metric of Tastle and Wierman (2007) . This contrasts with the definition of consensus applied to science panels, which varies from agency to agency, but is generally less precise, optionally illuminated, and often presented in an unstructured manner. For example: (1) IARC states, "Consensus reflects broad agreement among Working Group Members, but not necessarily unanimity. The chair may elect to poll Working Group Members to determine the diversity of scientific opinion on issues where consensus is not readily apparent." (IARC, 2015) ; WHO states, "When consensus has been reached, it generally means that every committee member finds the proposed resolution acceptable -or at least lends it support, even if less than wholeheartedly." (WHO, 2014); USEPA states, "Consensus recommendations and conclusions are most helpful to the agency. However, when there is disagreement among experts, that information is also valuable to note. In most cases, different views can be accommodated within the committee's report. On rare occasions, a member may request that a minority report be appended to the report." (USEPA, 2012); and OMB states, "Consensus is defined as general agreement, but not necessarily unanimity. During the development of consensus, comments and objections are considered using fair, impartial, open, and transparent processes." (OMB, 2016; OMB Circular A-119). In most cases, the recommendations of regulatory science panels consist of a report that may span tens to hundreds of pages, but rarely is degree of consensus among reviewers on key issues of the assessment presented in a clear manner. This is an important omission since the degree of consensus within a voting group imparts a degree of confidence that a decision maker can have in moving forward with the group recommendation. For example, a decision maker can have greater confidence in a recommendation that is unanimously supported by 12/12 reviewers, than in a recommendation that is supported fully by 6/12 reviewers and only partially by the other 6/12. Presenting both of these hypothetical panel outcomes as consensus recommendations represents a loss of information, information that would otherwise be very useful to decision makers. The desire for a consensus recommendation from a panel is understandable, but conflating consensus and apparent unanimity is neither reasonable nor helpful. Disagreement and debate among scientists is healthy, and should not be concealed. The consensus metric of Tastle and Wierman (2007) used herein is just one possible option by which consensus could be defined with greater precision and illumination than typically adopted for science panel deliberations.
To the best of the authors' knowledge, this case study represents the first successful demonstration of the reproducibility of replicate expert science panels (Figs. 3 and 4) . The work presented here reflects a model for conducting science peer reviews that engages a diverse group of scientists using a review process that integrates the best features and design choices from journal peer reviews and science advisory panel reviews. The proposed model allows scientists to focus on matters of science without interference from internal and external pressures and distractions, with the intended goal of maximizing the value of their input to support decision-making. The design elements included in this peer review are not intended as a "one-size-fits-all" solution for all peer reviews. Rather, individual design elements can be implemented to benefit of different types of peer review. For example, journal peer reviews may benefit from the inclusion of a Delphi format to allow peer reviewers to compare notes and make revisions to their comments and recommendations. Journal peer reviews may also benefit from offering some compensation for manuscripts that are either long, complex, and/ or data-rich (i.e., require a greater level of effort than scientists are willing to volunteer) or are lacking sufficient number of qualified volunteers. On the other hand, science panel reviews may benefit from anonymous participation, particularly for controversial topics subject to external pressures that can lead to bias in the input received from the panel. The decision to include specific design elements in the peer review represents an important step at the problem formulation stage of decision-making when seeking input from the scientific community.
